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A R T I C L E I N F O
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A B S T R A C T
Self-similar pulse compression has important application in highly coherent supercontinuum (SC) generation.In this paper, we numerically present the mid-infrared self-similar picosecond pulse compression in a taperedsuspended silicon strip waveguide, which is designed with exponentially decreasing dispersion profile alongthe direction of propagation. When the variation of the Kerr nonlinear coefficient 𝛾(z), linear and nonlinearlosses, higher-order nonlinearity, and higher-order dispersion are taken into consideration, the simulation resultshows that a 1 ps input pulse centered at wavelength 2.8 μm could be self-similarly compressed to 47.06 fsin a 3.9-cm waveguide taper, along with a compression factor 𝐹c of 21.25, quality factor 𝑄c of 0.78, andnegligible pedestal. After that, the compressed pulse is launched into a uniform silicon strip waveguide, whichis used for the generation of SC. We numerically demonstrate that the coherence of the generated SC by thecompressed pulse can be significantly improved when compared to that generated directly by the picosecondpulse. The simulation results can be used to realize on-chip mid-infrared femtosecond light source and highlycoherent supercontinuum, which can promote the development of on-chip nonlinear optics.
1. Introduction
Recently, silicon-based mid-infrared nonlinear photonics has ac-quired a lot of attentions because of the advancement in light sourcesand passive components in the mid-infrared spectral region [1–5]. Oneof the crucial nonlinear phenomena is the supercontinuum (SC) genera-tion in the mid-infrared region, which is crucial for applications such asmolecular detection [6], nonlinear spectroscopy [7], optical frequencycomb generation [8], etc. In SC generation, the pulse duration is adeterministic parameter that affects the coherence and bandwidth ofthe SC obtained. Highly coherent SC can typically be obtained withultrashort pulses shorter than 100 fs [9]. When longer pulses areused as pump for SC generation in the anomalous dispersion regionof nonlinear media, the coherence of the generated SC is seriouslydegraded because the SC is generated by modulation instability (MI)and disordered soliton fissions [10,11]. Thus, it is necessary to useshorter pump to generate the highly coherent mid-infrared SC. How-ever, the generation of such femtosecond pulse sources in mid-infraredregion remains a challenge. Mid-infrared pulses can be obtained bynonlinear processes such as optical frequency down-conversion based
∗ Corresponding authors.E-mail addresses: yuanjinhui81@bupt.edu.cn (J. Yuan), enlf@polyu.edu.hk (F. Li).
on difference frequency generation, optical parametric oscillator oroptical parametric amplification [12]. But nonlinear processes requirehigh power ultrashort pulse pump sources, which are bulky and sen-sitive to the environment. Furthermore, it is hard to have the phasematching condition satisfied over the broad spectra of femtosecondpulses. Semiconductor sources such as quantum cascade lasers andlead-salt diodes can be also employed for mid-IR pulse generation [12].However, they in general cannot generate short duration pulses. Thus,generation of femtosecond pulses and highly coherent mid-infrared SCdirectly with picosecond pump pulses is highly desirable.Several nonlinear pulse compression schemes have been proposedto obtain ultrashort pulses from much longer pulses [13–18]. Amongthem, self-similar pulse compression can realize large compressionfactors without generation of pedestal in the short nonlinear media.Self-similar pulse compression has already been demonstrated numer-ically in step index fiber, photonic crystal fiber (PCF), and siliconwaveguide tapers with appropriately designed dispersion or nonlin-earity varying profiles [18–20]. For silica optical fibers and PCFs, therequired peak powers of the initial pulses reach kilowatt class, and fiber
https://doi.org/10.1016/j.optcom.2019.124380Received 6 May 2019; Received in revised form 29 July 2019; Accepted 13 August 2019Available online 26 August 20190030-4018/© 2019 Elsevier B.V. All rights reserved.
Y. Cheng, J. Yuan, C. Mei et al. Optics Communications 454 (2020) 124380
taper a few meters long are difficult to fabricate. In contrast, siliconwaveguides have much stronger Kerr nonlinearity. Thus, it is possibleto achieve self-similar pulse compression with waveguides only a fewcentimeters long for input pulses with peak power less than one Watt.Moreover, since silicon waveguides are CMOS compatible, it is easyto control the waveguide dimension in fabrication. Silicon waveguideshave been utilized in many applications [21]. A combination of asilicon waveguide and high-Q microresonator can be used as a sensitivesensor to detect minute changes in refractive index based on evanescentwaves [22] and frequency comb based optical clock [23]. On-chipultrashort pulse sources in silicon waveguide have also attracted muchinterest because of their extensive applications in integrated all-opticalsignal process systems and nonlinear spectroscopy. In 2010, Colmanet al. demonstrated the compression of a 3-ps pulse to 580 fs in asmall-footprint photonics crystal waveguide [24]. In the same year,Tan et al. reported a chip-scale pulse compressor on silicon whichachieved the compression factor of 7 for the 7-ps input pulse [25]. In2016, we theoretically demonstrated the compression of a 1 ps pulsecentered at wavelength 1.55 μm to 81.5 fs in a 6-cm long As2S3-Sislot tapered waveguide, but two-photon absorption (TPA) and higher-order dispersion limited further compression [19]. On-chip self-similarpulse compression in the mid-infrared spectral region in 2017 wasdemonstrated preliminarily in a silicon ridge waveguide taper [20].But the SC generation pumped by such compressed pulses was notdiscussed.In this paper, a tapered suspended silicon strip waveguide withan exponentially decreasing dispersion profile along the direction ofpropagation is designed. We demonstrate the mid-infrared self-similarpicosecond pulse compression in the designed waveguide taper. Thecompressed pulse is then injected into a section of uniform silicon stripwaveguide to generate highly coherent SC. This paper is organized asfollows. In Section 2, the generalized nonlinear Schrödinger equation(GNLSE) and theory of self-similar pulse compression in tapered siliconwaveguide are given. Section 3 presents a tapered suspended siliconstrip waveguide for the self-similar picosecond pulse compression. InSection 4, the mid-infrared self-similar pulse compression in the de-signed tapered waveguide is numerically investigated. In Section 5, thegeneration of highly coherent SC is investigated using the compressedpump pulse. Conclusions are drawn in Section 6.
2. Theoretical model
Considering the loss, second and higher-order dispersion (HOD),variation of the Kerr nonlinear coefficient 𝛾(z), and higher-order non-linearity (HON), the propagation dynamics of optical signals in waveg-uide can be described by a GNLSE [26,27] given by
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where A(z, t) is the slowly varying envelope of the electric field, z isthe propagation distance, and t is the retarded time. 𝛼0 represents thelinear loss. 𝛽m(z) (m represents the integers from 2 to 6) are the m-thorder dispersion coefficient of the waveguide at z. The self-steepeningeffect is measured by 𝜏s = 1/𝜔0, where 𝜔0 is the angular frequency ofthe optical carrier. 𝛾(z) and 𝐴eff (z) are respectively the Kerr nonlinearcoefficient and the effective mode area at z, which are defined as [28]
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where F (x, y) and 𝑛2(x, y) correspond to the transverse distributions ofthe optical field and the nonlinear-index coefficient. In the mid-infraredrange of 2.2 to 3.2 μm, including the pump wavelength 2.8 μm, TPA isnegligible and the three-photon absorption with coefficient 𝛾3PA willdominate the nonlinear loss in the propagation [29–31].
Fig. 1. (a) Sketch of the tapered suspended silicon strip waveguide. (b) The mode fielddistributions of the quasi-TE at the wavelength of 2.8 μm at the input port (𝑧 = 0 cm)and output port (𝑧 = 3.9 cm), respectively.
When 𝛼0 = 0, 𝛽m(z) = 0 if m≠2, 𝜏s = 0, and TPA = 0, the remainingparameters varying nonlinear Schrödinger equation (NLSE)
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can support self-similar pulse compression [32,33]. When the variationof the Kerr nonlinear coefficient 𝛾(z) is a constant and the 2nd disper-sion coefficient decreases exponentially as 𝛽2(𝑧) = 𝛽2(0)e−𝜎𝑧 along z,where 𝜎 = 𝛽2(0)𝜉>0, 𝛽2(0) is the 2nd dispersion coefficient at 𝑧 = 0and 𝜉 is the chirp factor of the initial pulse, Eq. (3) is rewritten as
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From [19], during the propagation the pulse width T (z) and peakpower P(z) will evolve as
𝑇 (𝑧) = 𝑇0𝑒−𝜎𝑧 and𝑃 (𝑧) = 𝑃0𝑒𝜎𝑧, (5)where 𝑇0 is the width of initial pulse and 𝑃0 is the peak power of initialpulse. From Eq. (5), the pulse width T and peak power P decreasesand increases exponentially along the propagation z, respectively. Thepulse compression factor 𝐹c, which is defined as the ratio of full widthat half maximum (FWHM) of the input pulse to that of the outputpulse, depends on the value of 𝜎z. For hyperbolic secant pulse, FWHM
= 1.767𝑇0, 𝜎z is related to the ratio of 𝛽2(z) to 𝛽2(0), so it is crucial todesign an appropriate waveguide taper to obtain a large value of 𝐹c inself-similar pulse compression.
3. Design of tapered silicon strip waveguide
We design a tapered suspended silicon strip waveguide, as shownin Fig. 1(a). Compared to the traditional strip waveguide, the sus-pended structure can reduce the absorption loss in the silica substrateand achieve well-confined mode field distribution. In practice, thedesigned waveguide taper can be fabricated by a combination of plasmaenhanced chemical vapor deposition and silicon deep etching tech-nologies [34–36]. In Fig. 1(a), the waveguide widths 𝑊in and 𝑊out atthe input and output ports are 0.82 and 1.77 μm, respectively. Thewaveguide height 𝐻1 is 0.39 μm and the membrane height 𝐻2 is 0.4 μm.Fig. 1(b) shows the mode field distribution of the fundamental quasi-TEat the input and output ports calculated at a wavelength of 2.8 μm.The 2nd dispersion coefficient 𝛽2 and nonlinear coefficient 𝛾 ofthe fundamental quasi-TE mode at different waveguide widths arecalculated by the finite element method. For self-similar pulse compres-sion, a larger variation range of 𝛽2 will achieve a larger compressionfactor. However, the value of 𝛽2 should not be too small to avoidHODs [37,38]. Fig. 2(a) shows the curves of 𝛽2 calculated for differentwaveguide widths. From Fig. 2(a), the value of 𝛽2 decreases graduallyas the waveguide width varies from 0.82 to 1.77 μm at the wavelength2.8 μm. In order to achieve the exponentially decreasing dispersionprofile along z, the waveguide taper profile is accordingly designedas shown in Fig. 2(b). At the wavelength of 2.8 μm, 𝛽2 and 𝛾 arecalculated as functions of the propagation z, as shown in Fig. 2(c).From Fig. 2(c), 𝛽2 decreases exponentially from −9.32 to −0.248 ps2/malong the direction of increasing z. In contrast, the variation of 𝛾 is not
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Fig. 2. (a) The 2nd dispersion coefficient 𝛽2 of quasi-TE mode for different waveguidewidths from 0.82 to 1.77 μm, (b) waveguide width profile along z, and (c) 𝛽2 (left axis)and nonlinearity coefficient 𝛾 (right axis) as functions of z.
monotonic. 𝛾 first increases from the initial value of 17.37 W−1/m tothe maximum 19.20 W−1/m and then decreases from 19.20 to 13.66W−1/m when z increases from 0.6 to 3.9 cm. Because the relativevariation of 𝛾 is much smaller than that of 𝛽2, it is reasonable toconsider 𝛾 a constant and the variation a perturbation during thepropagation process. The tiny geometric variations do not affect thevalues 𝛽2 and 𝛾 significantly. As a result, the influence of the fabricationtolerance on the pulse compression is small.
4. Mid-infrared self-similar pulse compression
To investigate the self-similar pulse compression in the tapered sil-icon strip waveguide, we use the Runge–Kutta method to solve Eq. (4)and model the pulse propagation dynamics when 𝛾 maintains constantand 𝛽2 decreases exponentially. The constant nonlinear coefficient iscalculated as the effective value
𝛾𝑒𝑓𝑓 =
1
𝐿 ∫
𝐿
0
𝛾(𝑧)𝑑𝑧, (6)
where 𝛾(z) is given in Fig. 2(c). For the waveguide taper, 𝛾eff = 16.48W−1/m. A hyperbolic secant pulse at wavelength of 2.8 μm with aFWHM of 1 ps is injected into the waveguide taper. To maintain thefundamental soliton, the peak power of the initial pulse is set as 1.76W. The initial chirp 𝜉 is −9.97 ps−2. Fig. 3 shows the evolutions of thetemporal and normalized spectral profiles for the ideal case withoutconsidering the HOD, HON, linear and 3PA-induced nonlinear losses,and variation of 𝛾(z). From Fig. 3, the pulse is gradually compressedin the temporal domain and broadened in the spectral domain. Duringthe propagation, the pulse profile is well maintained. The width ofpulse is compressed from 1 ps to 26.61 fs, along with 𝐹c = 37.58. Thepeak power of pulse is increased from 1.76 to 65.92 W. We use thecompression quality factor 𝑄c, which is defined as 𝑄c = 𝑃out/(𝑃in𝐹c),to evaluate the pulse compression performance [16,39]. For the idealcase, 𝑄c is 1. During the pulse compression, the temporal and spectralprofiles of the pulse are both symmetrical without pedestal.Next, we study the self-similar pulse compression when losses, HON,HOD, and variation of 𝛾(z) are all considered. The linear loss 𝛼0 = 0.026dB/cm and nonlinear loss 𝛾3PA = 0.025 cm3/GW2 are used [40,41].To satisfy the condition of the fundamental soliton, the peak power ofinitial pulse is decreased to 1.67 W since the nonlinear coefficient 𝛾(𝑧 =
0) is 17.37 W−1/m, which is larger than 𝛾eff . Fig. 4 shows the evolutionsof the temporal and normalized spectral profiles, respectively. From
Fig. 3. The dynamics of (a) temporal waveform and (b) normalized spectrum of thepulse along z in the designed tapered waveguide for the ideal case without consideringthe losses, HON, HOD, and variation of 𝛾(z).
Fig. 4. The dynamics of (a) temporal waveform and (b) normalized spectrum of thepulse along z in the designed tapered waveguide when the losses, HON, HOD, andvariation of 𝛾(z) are considered.
Fig. 4, the pulse is compressed from 1 ps to 47.06 fs, and the peakpower is increased from 1.67 to 27.63 W. 𝐹c and 𝑄c are 21.25 and0.78, respectively. Compared with the ideal case, both 𝐹c and 𝑄c aredecreased, which indicates that the self-similar compression process isperturbed. Moreover, the spectral profile becomes asymmetric duringthe propagation.In the following, we will investigate the influence of each effectthrough comparing the pulse propagation when the effects are consid-ered separately. Fig. 5 shows the temporal waveforms and normalizedoutput spectra of the output pulses when the losses, HOD, HON, and
3
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Fig. 5. (a) Temporal and (b) normalized spectra profiles of the output pulses when theHON (orange curves), HOD (blue curves), variation of 𝛾(z) (olive curves), and lossesincluding 𝛼0 and 3PA-induced loss (red curves) are considered, respectively. The ideal(NLSE, gray dashed curves) and realistic (All effects, black curves) cases of the outputpulses are also given . (For interpretation of the references to color in this figure legend,the reader is referred to the web version of this article.)
Table 1The values of the FWHM, peak power and 𝐹c of the output pulse under different cases.Cases NLSE HON HOD 𝛾(z) Losses All effects
FWHM (fs) 26.61 26.83 25.39 36.78 36.14 47.06Power (W) 65.92 65.64 66.83 44.33 36.25 27.63
𝐹c 37.58 37.27 39.38 27.18 27.67 21.25
variation of 𝛾(z) are separately considered. The ideal (NLSE) and realis-tic (All effects) cases are also given for comparison. The correspondingvalues of FWHM, peak power, and compression factor 𝐹c for differentcases are shown in Table 1. From Fig. 5 and Table 1, the HON andHOD delay the temporal waveform by 12 fs and 28 fs, respectively,while the peak power of the output waveforms changed only a little.In contrast, the 𝛾(z) and losses reduce the peak power of the outputwaveforms significantly. Moreover, both the HOD and 𝛾(z) introducedistortions to the output spectra. Although the perturbative effects havediverged the propagation from the ideal case, picosecond pulse is stillwell compressed.Although the HOD has minor impact on the temporal waveform,it deforms the output spectrum. To quantify the impact of HOD, thedifferent-order dispersion lengths 𝐿Dm (m represents the integers from2 to 6) are plotted in Fig. 6(a), where 𝐿Dm is calculated as
𝐿𝐷𝑚 = 𝑇 𝑚0 (𝑧)∕ ||𝛽𝑚(𝑧)|| , (7)where 𝑇0(z) and 𝛽m(z) are the pulse width and m-th order dispersioncoefficient at z, respectively. The ratio 𝐿D2∕𝐿D3 is also plotted toevaluate the relative contribution of 3rd dispersion. From Fig. 6(a), 𝐿D2and 𝐿D3 decrease monotonically as the optical spectrum of the pulseincreases during the propagation. For 𝐿D2∕𝐿D3 shown in Fig. 6(b), themaximum value is less than 0.55, which indicates that 𝛽3(z) has a weakinfluence on the self-similar pulse propagation. In addition, the valuesof 𝐿D4, 𝐿D5, and 𝐿D6 are much larger than 𝐿D2, so the influences of
𝛽4(z), 𝛽5(z), and 𝛽6(z) are much weaker than 𝛽2(z).The evolutions of the FWHM and peak power of the pulse duringthe self-similar compression are shown in Fig. 7, respectively, whendifferent effects are considered. From Fig. 7, the FWHM and peak powercurves overlap well with that of the ideal case in the range of z <2.3 cm. After 𝑧 = 2.3 cm, the curves of the HON, HOD, 𝛾(z), losses,and all effects are gradually deviated from the ideal case. Especiallyfor the cases with 𝛾(z), losses, and all effects, the deviations growquickly along the propagation. Clearly, the simultaneous decreasing of
𝛾(z) and the peak power jointly decrease the nonlinear effect, whichis hence unable to balance the dispersion to maintain the fundamentalsoliton condition. Thus, the self-similar propagation condition cannotbe satisfied, and the quality of pulse compression is degraded.
Fig. 6. (a) The variations of different-order dispersion lengths 𝐿D2 (red curve), 𝐿D3(blue curve), 𝐿D4 (dark blue curve), 𝐿D5 (olive curve), and 𝐿D6 (magenta curve). (b)The value profiles of 𝐿D2∕𝐿D3 change along z . (For interpretation of the references tocolor in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. The variations of FWHM (left axis) and (b) peak power (right axis) of the pulsealong z within the tapered waveguide when considering HON (orange dashed curves),HOD (blue dotted curves), variation of 𝛾(z) (olive dash-dotted curves), and lossesincluding 𝛼0 and 3PA-induced loss (dark blue dash–dot-dotted curves), respectively.The ideal (NLSE, gray solid curves) and realistic (All effects, black solid curves) casesare also plotted . (For interpretation of the references to color in this figure legend,the reader is referred to the web version of this article.)
Fig. 8. (a) The dynamics of the 2nd dispersion length 𝐿D2 and nonlinear length 𝐿NLalong z in the tapered waveguide when the 𝛾(z), and all effects are considered. Theideal case and chirp length 𝐿C are also plotted for comparison, and the detail profilesranged from 1.3 cm to 2.6 cm are shown in the inset. (b) The variations of solitonnumber N along z for these three corresponding different cases.
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Fig. 9. (a) The 1 ps initial pulse with random noise (black solid curve), and (b) theself-similarly compressed output pulse with (dark blue solid curve) and without (greendash curve) the random noise . (For interpretation of the references to color in thisfigure legend, the reader is referred to the web version of this article.)
In the ideal case of self-similar pulse compression described byEq. (4), the fundamental soliton condition should be maintained dur-ing the whole propagation, i.e. 𝐿D2(𝑧) = 𝐿NL(z), where 𝐿NL(z) =1/[𝛾(z)𝑃0(z)] represents the nonlinear length. When the two curvesof 𝐿D2 and 𝐿NL are plotted together, the separation between themwill evidently indicate the deviation of the propagation from the idealcase. The variations of 𝐿D2 and 𝐿NL along z in the waveguide taperare shown in Fig. 8(a) when the 𝛾(z), ideal case, and all effects arerespectively considered. The chirp length 𝐿C=1/𝜎 is also included toevaluate the contribution of the linear part and nonlinear part to theself-similar pulse compression [42]. From Fig. 8(a), 𝐿D2 = 𝐿NL can besatisfied at all z values for the ideal case. In Fig. 8(a), for variationof 𝛾(z), 𝐿NL is smaller than 𝐿D2 when z < 1.2 cm, which means thatthe effect of nonlinearity is stronger than the dispersion. It shouldbe noted that both 𝐿D2 and 𝐿NL are larger than 𝐿C in this region,which means dechirping, i.e. the linear part is the dominant effect tocompress the pulse. When 1.2 cm < z < 2.3 cm, 𝐿NL is larger than
𝐿D2, which indicates that the effect of nonlinearity is weaker than thedispersion. In this region, 𝐿D2 and 𝐿NL are smaller than 𝐿C, thus thenonlinear part dominates the pulse compression. At the output port ofthe tapered waveguide, 𝐿NL is nearly equal to 𝐿D2. When all effects areconsidered, similar trends but bigger deviations are viewed for 𝐿D2 and
𝐿NL. The corresponding soliton number 𝑁2 = 𝐿D2∕𝐿NL are also plottedin Fig. 8(b). According to Fig. 8, the fundamental soliton is maintainedduring the pulse compression.The self-similar pulse compression can be achieved in the designedwaveguide taper without inclusion of the random noise has beendemonstrated in the above results. In practice, the random noise isunavoidable. An input pulse with random noise can be described as [9]
𝐴(𝑡) =
√
𝑃0sech(
𝑡
𝑇0
)
[
𝑒𝑖𝜉𝑡
2∕2 + 𝜂?̂?𝑒𝑖2𝜋?̂?
]
, (8)
where 𝜂 is the relative magnitude of the random noise. ?̂? is a variablewhich satisfies the standard normal distribution with standard devia-tion 1 and mean 0. Û is a uniformly distributed variable, whose valueis between 0 and 1. When 𝜂 is set as 0.05, the input and compressedoutput pulses are shown in Fig. 9, respectively. The compressed outputpulse without random noise (𝜂 = 0) is also plotted in Fig. 9(b) forcomparison. From Fig. 9, the 1 ps input pulse with many burrs canstill be self-similarly compressed to 47.06 fs, while the random noise issignificantly suppressed during the compression process.In summary, the mid-infrared self-similar picosecond pulse com-pression in the tapered waveguide has been demonstrated. A 1 ps pulsecan be compressed to 47.06 fs in a 3.9-cm long propagation. Besides,the process of pulse compression is insensitive to the random noise ofthe initial pulse. The compressed pulse with high quality is expected todemonstrate a good performance in SC generation.
Fig. 10. (a) The three-dimensional schematic diagram of the uniform silicon stripwaveguide designed. (b) The 2nd dispersion coefficient 𝛽2 of the quasi-TE mode, andthe inset shows the quasi-TE mode profile calculated at wavelength 2.8 μm.
Table 2Taylor-series expansion coefficients of the dispersion.
𝛽2 −3.51 × 10−2 ps2/m 𝛽7 −5.36 × 10−10 ps7/m
𝛽3 3.29 × 10−3 ps3/m 𝛽8 1.12 × 10−11 ps8/m
𝛽4 −1.04 × 10−5 ps4/m 𝛽9 −3.14 × 10−13 ps9/m
𝛽5 −4.05 × 10−7 ps5/m 𝛽10 1.78 × 10−14 ps10/m
𝛽6 1.84 × 10−8 ps6/m
5. Compressed pulse for the SC generation
Usually, a highly coherent SC can be easily obtained by using all-normal dispersion media pumped by the picosecond or femtosecondpulses. To compare the coherence of the SC generated with the com-pressed and uncompressed pump pulses, an uniform suspended siliconstrip waveguide with an anomalous dispersion profile between the twozero-dispersion wavelengths is designed to generate the SC. Fig. 10(a)shows the three-dimensional schematic diagram of the waveguide. Theheights ℎ1, ℎ2, and width w are 0.3, 1.8, and 1.43 μm, respectively.Fig. 10(b) and the inset show the calculated 𝛽2 curve of the quasi-TE mode and its mode profile at wavelength 2.8 μm. From Fig. 10(b),two zero-dispersion wavelengths are located at 2.75 and 3.42 μm,respectively. The value of 𝛾 is 15.17 W−1/m at 2.8 μm.We launch the initial 1 ps pulse with peak power of 1.67 W andthe compressed 47.06 fs pulse with peak power of 27.63 W into thesilicon waveguide, respectively. The corresponding soliton number Nare 26.9 for the 1 ps pulse and 5.1 for the 47.06 fs pulse. A sufficientcoupling is assumed for the injection of the compressed pulse into theuniform silicon strip waveguide based on the adiabatic optical couplingmethod [43,44]. The evolutions of spectra and temporal profiles duringthe propagation in the strip waveguide of the two different pump pulsesare shown in Fig. 11, respectively. In our simulation, the propagationloss of the silicon strip waveguide is the same as the realistic casein Section 4, and the HOD is calculated up to 10th order, as shownin Table 2. In Fig. 11, the top and bottom figures show the outputand input spectra and temporal waveforms, respectively. The middlefigures show the spectral and temporal evolutions of the input pulsealong propagation. When the pump pulse is launched in anomalousdispersion region, SC generation should be a combination of a se-ries of nonlinear effects, including self-phase modulation (SPM), MI,self-steepening, soliton fission, dispersive wave (DW) generation, andcross-phase modulation (XPM) between the DW and solitons [45–50].When a long pump pulse is adopted, MI will lead the SC generationinto a random process, which can be observed in the region of z >400 mm of the middle-left evolutions with the 1 ps pump. In contrast,the SC generation process is smooth and clean with the 47.06 fs pulse,where soliton fission rather than MI is the dominant effect to expandthe spectrum. As a result, the SC generated with the 1 ps pump spansfrom 2.43 to 3.13 μm at −40 dB level, which is narrower than thatwith the 47.06 fs pulse, which spans from 2.13 to 4.03 μm. Clearly,the higher peak power of the 47.06 fs pulse has enhanced the SPMand XPM effects during the SC generation. Moreover, the red-shiftedDW can be generated at longer wavelength which is clearly shown at
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Fig. 11. The evolutions of spectral and temporal profiles along z of (a) the 1 ps pulse,and (b) the compressed 47.06 fs pulse at 𝜂 = 0.01. The top and bottom figures show thespectral and temporal profiles of pulse at the output and input ports of the waveguide,respectively.
∼3.9 μm. In addition, the waveguide length required for the 1 ps pulse is700 mm, which is much longer than the 12 mm length required for the47.06 fs pulse. By comparing the top figures of Figs. 11(a) and 11(b),the coherence of the SC generated with the compressed 47.06 fs pulseis greatly improved since MI is effectively suppressed.Benefiting from the suppression of the MI process, the SC spectrumobtained with the 47.06 fs pump pulse is smoother and should be moredeterministic, which implies a higher coherence than that with the 1ps pump pulse. In order to compare the coherence of the SC generatedwith the 1 ps and 47.06 fs pulses, the first-order coherence 𝑔(1)12 of theoutput spectra is calculated as [28,51]
|||g(1)12 (𝜆)||| =
||||||||
⟨?̃?∗1 (𝜆)?̃?2(𝜆)⟩√⟨||?̃?1(𝜆)||2⟩⟨||?̃?2(𝜆)||2⟩
|||||||| , (9)where ?̃?(𝜆) is the spectrum of SC under investigation. The angularbrackets denote the ensemble average over the independent pairs ofspectra generated from 50 shot-to-shot simulations with random noise.When the 1 ps pulse with peak power of 1.67 W is used, theoutput spectra and 𝑔(1)12 of the SC are shown in Figs. 12(a) and 12(c),respectively. The spectra of the 50 shots with 𝜂 = 0.01 are representedby the overlapped orange plots in Fig. 12(a) with a dashed curve to plotthe averaged spectrum, where the spectral deviations of the 50 shotsare clearly observed. All values of 𝑔(1)12 are less than 0.83 in the wholespectral range as shown in Fig. 12(c). In contrast, with the compressedpump pulse, the variations of SC spectra are almost negligible in mostrange as shown in Fig. 12(b), and the value of 𝑔(1)12 shown in Fig. 12(d)is very close to 1 within the wavelength range from 2.3 to 4.0 μm.By comparing Figs. 12(c) and 12(d), the coherence of SC has beensignificantly enhanced by using the compressed pulse to replace thepicosecond pump pulse.In order to quantify the improvement of coherence, we vary thestrength of random noises and calculate the weighted value of coher-ence R as [10,51]
𝑅 = ∫
∞
0
|||𝑔(1)12 (𝜆)|||𝑃 (𝜆)𝑑𝜆∕∫ ∞0 𝑃 (𝜆)𝑑𝜆, (10)
where 𝑃 (𝜆) = ⟨||?̃?(𝜆)||2⟩ is the ensemble average of the SC generatedwith different noise seeds. Fig. 13(a) shows the values of R for 1 ps and47.06 fs pulses calculated at different 𝜂. We use the logarithm scalelg(𝜂) to enlarge the variation of 𝜂. From Fig. 13(a), the value of R isapproximately equal to 1 when lg(𝜂) < −2 for the 47.06 fs pulse. Forthe pulse of 1 ps, the value of R is approximately equal to 1 whenlg(𝜂) < −4. When −0.3 < lg(𝜂) < −3, the change of R for the 47.06fs pulse is much smaller than that for the 1 ps pulse. In Fig. 13(b), K =
Fig. 12. (a), (b) The spectra and (c), (d) value of first-order coherence 𝑔(1)12 of the SCgenerated with the 1 ps and 47.06 fs pulse under noise level 𝜂 = 0.01. The orangeand black curves in (a) and (b) are the spectra of 50 shots and the average spectra ofthe 50 shots, respectively . (For interpretation of the references to color in this figurelegend, the reader is referred to the web version of this article.)
Fig. 13. (a) The weighted value R and (b) K = lg(1-R) as functions of lg(𝜂) for 1 ps(black curves with triangles) and 47.06 fs (red curves with stars) pulse.
lg(1-R) is used for better presentation of the variations of R especiallywhen its value is close to 1. From Fig. 13, lg(𝜂) differs by about 2 for1 ps and 47.06 fs pulses under the same coherence level. Thus, thenoise tolerance is improved about 2 orders of magnitude. Therefore,the self-similar compression can greatly enhance the coherence of theSC generation.
6. Conclusion
In summary, we have designed a tapered suspended silicon stripwaveguide which has an exponentially decreasing dispersion profilealong the direction of propagation for self-similar picosecond pulsecompression. In the realistic case with linear and nonlinear losses,variation of 𝛾(z), HOD, and HON considered, a 1 ps pulse centered atwavelength 2.8 μm is compressed to 47.06 fs in the 3.9-cm waveguidetaper, along with negligible pedestal. The compression factor 𝐹c is21.25 with a quality factor 𝑄c of 0.78. We estimate the SC genera-tion with the two pump pulses in a uniform silicon strip waveguide.Simulation results show a significant improvement of the coherence ofthe generated SC from the compressed pulse comparing to that frompicosecond pulse. Such a SC generation scheme with a picosecondinput pulse is a promising method to fulfill the on-chip mid-infraredSC source when the mid-infrared mode-locked femtosecond lasers arestill lacking.
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